In this study, the fatigue properties of a shot-peened Zr-based amorphous alloy containing ductile crystalline particles were investigated, and fatigue processes were analyzed and compared with those of a non-shot-peened (as-cast) alloy. The microstructural analysis results of the shotpeened alloy surface indicated that the flexion and microstructural deformation were observed as the hot-peening time or pressure increased. However, the compressive residual stress formed on the shot-peened surface was approximately half of the ultimate tensile strength and was not varied much with shot-peening time or pressure. The fatigue limit and fatigue ratio of the shotpeened alloy were 368 MPa and 0.24, respectively, which were considerably higher than those of the as-cast alloy. This was because the compressive residual stress formed by the shot peening induced the initiation of fatigue cracks at the specimen interior instead of the specimen surface and, thus, enhanced the overall fatigue limit and fatigue life. These findings suggested that the shot peening was useful for improving fatigue properties in amorphous alloys.
I. INTRODUCTION

AMORPHOUS alloys are considered as possible
candidates for high-performance structural applications because of their properties such as strength, hardness, stiffness, and corrosion resistance. [1] [2] [3] [4] However, they show limited plasticity at room temperature, which limits their practical applications to high-functional components such as electronic parts, sports goods, and those of the defense industry. [5] It has been suggested that the incorporation of crystalline particles within the amorphous matrix can improve plasticity. [6] The ex situ reinforcement of amorphous alloys with WC, SiC, W, or Ta particles was found to improve the ductility . [7] In contrast, amorphous matrix composites fabricated by the in situ formation of ductile crystalline particles demonstrated a dramatic improvement in ductility. [8] Zr-based monolithic amorphous alloys have high strength, [9] but their fatigue limits are 6 to 9 pct of tensile strength, which is a low level of fatigue limit, compared with 30 to 40 pct of tensile strength in conventional high-strength steels or aluminum alloys. [10] In general, damages during the fatigue crack initiation and propagation act as important factors in the fatigue life. Once a crack initiates in a Zr-based a monolithic amorphous alloy, the abrupt fracture occurs within limited fatigue cycles, thereby resulting in the lowered fatigue limit. [10, 11] This implies that the damage during the fatigue crack initiation occupies most of the fatigue life. The fabrication of in situ amorphous matrix composites containing ductile crystalline particles is a good method for preventing or modifying the abrupt fatigue crack initiation and propagation. [6, [12] [13] [14] [15] Here in these amorphous matrix composites, the fatigue limit as well as ductility and fracture toughness are improved as ductile particles effectively block the propagation of shear bands formed in the amorphous matrix. [11, [16] [17] [18] As another way for improving the fatigue limit in Zr-based amorphous alloys, Zhang et al. [19] suggested the formation of compressive residual stresses on the surface by shot peening. These compressive residual stresses helped the homogeneous deformation of the alloys, which led to a two-fold or three-fold improvement in ductility or fatigue limit. [19, 20] However, a recent work showed that the ductility and fatigue limit of Zr-based amorphous alloys were not improved by the shot peening. [21] Thus, studies on the role of shot peening in fatigue properties are essential for improving the fatigue limit, microstructural modification, and process control in shot peening, but only limited information is available.
The objective of this study is to investigate effects of shot peening on the fatigue properties of a Zr-based amorphous alloy containing ductile crystalline particles. The alloy was shot-peened to produce compressive residual stresses on the alloy surface. Its fatigue properties were evaluated by the high-cycle fatigue test and were compared with those of the non-shot-peened alloy. The fatigue processes were analyzed by observing fracture surfaces, and the mechanisms of the improved fatigue limit were investigated.
II. EXPERIMENTAL
A Zr-based amorphous alloy used in the this study was an ''LM2'' alloy (commercial brand name of the Liquidmetal Technologies, Lake Forest, CA), whose composition was Zr 56.2 Ti 13.8 Nb 5.0 Cu 6.9 Ni 5.6 Be 12.5 (at. pct). This alloy is a kind of an amorphous alloy matrix composite containing approximately 50 vol pct of crystalline b phases (composition; Zr 71 Ti 16.3 Nb 10 Cu 1.8-Ni 0.9 , structure; base-centered cubic). [18] It was cast in a plate shape (thickness, 3 mm) by vacuum arc melting at approximately 1173 K (900°C).
The LM2 alloy was shot peened for 30 or 60 seconds under a pressure of 3 bar or 6 bar by using glass beads (diameter, 0.3 to 0.425 mm). The shot-peened alloy specimens were polished; etched by a solution of 4 mL HF, 40 mL HNO 3 , 25 g CrO 3 , and 70 mL H 2 O; and observed by a scanning electron microscope (SEM). Crystalline b phases were analyzed by the X-ray diffraction (XRD) (Cu radiation, scan rate; 2 degAEminutes À1 , scan step size; 0.02 deg), and compressive residual stresses on the shot-peened surface were analyzed by measuring locations of diffracted peaks. After measuring the peak location (2h = 34.02 deg) of the Zr (110) plane, the incident angle (w) was slanted to ±0, 18.75, 27.03, 33.83, and 40.00 deg to measure the lattice parameter (d), from which the residual stress was calculated by the relation of d and sin 2 w. [22] The hardness was measured from the shot-peened surface down to the interior by a Vickers hardness tester under a 50-g load.
Plate-type tensile and fatigue specimens having a gage width of 4 mm, a gage thickness of 3 mm, and a gage length of 8 mm were machined from the LM2 alloy plate as shown in Figure 1 and then shot peened for 30 seconds under a pressure of 3 bar by using glass beads. The tensile specimens were tested at room temperature at a strain rate of 5.2 9 10 À4 seconds
À1
by a universal testing machine of 100 kN capacity (model; Instron 5582; Instron Corp., Canton, MA). High-cycle fatigue tests were performed at room temperature by a universal testing machine of 100 kN capacity (model; Instron 8801, Instron Corp.) under fatigue test conditions of sinusoidal wave, frequency of 10 Hz, and stress ratio of 0.1. Once the fatigue specimen had been fractured, the testing was stopped automatically by a limiting switch, and the number, stroke, and deflection of cycles were recorded up to the failure point. After the test, fractured surfaces were observed by an SEM to find the fracture mode and fatigue crack initiation site.
III. RESULTS
A. Microstructure Figure 2 (a) is an SEM micrograph of the as-cast (non-shot-peened) LM2 alloy. A dendritic structure of crystalline b phase particles is well developed as b phases were precipitated directly from the melt. [16] These b particles are classified into two types, i.e., fine particles of 1 to 2 lm in size and coarse particles of 7 to 10 lm in size. They are distributed evenly in the amorphous matrix, and their volume fractions are 15 pct and 35 pct, respectively. The microstructure of the as-cast LM2 alloy is somewhat different from that of a conventional LM2 alloy fabricated by the die casting, whose SEM microstructure is shown in Figure 2 (b). Here, the conventionally cast LM2 alloy consists mainly of coarse b particles without fine b particles, and the size and volume fraction of b particles are 7 lm and 35 pct, respectively. The formation of fine b particles in the current as-cast LM2 alloy might be associated with somewhat faster cooling rate after the casting.
The SEM micrographs of the surface of the shotpeened LM2 alloys are shown in Figures 3(a) through (c). In the alloy specimen shot peened for 30 seconds under a pressure of 3 bar, fine b particles as well as a few coarse b particles are distributed in the amorphous matrix (Figure 3(a) ), which is similar to the SEM microstructure of the as-cast LM2 alloy (Figure 2(a) ). The microstructural deformation and flexion of the shot-peened surface are hardly found. When the shotpeening time or pressure increases, the flexion of the shot-peened surface and the microstructural deformation are observed as shown in Figures 3(b) and (c). Particularly in the specimen shot peened for 60 seconds under a pressure of 6 bar, the microstructural deformation, including the elongation of b particles along the shot-peened surface, is shown clearly as indicated by a dotted rectangular area in Figure 3(c) . Figure 4 shows the XRD data of the as-cast and shotpeened LM2 alloys. Sharp diffraction peaks of crystalline b particles as well as broad halo patterns of the amorphous alloy occur in the alloys, indicating the presence of b particles in the amorphous matrix. These data also show that new crystalline phases are not formed by the shot peening. Compressive residual stresses were measured by the XRD method, and the results are shown in Table I .
The compressive residual stresses ranged from 750 MPa to 790 MPa, which is approximately half of the ultimate tensile strength (1523 MPa) of the as-cast LM2 alloy. The trend of the increasing residual stress with increasing shot-peening time or pressure is not shown.
B. Hardness and Tensile Strength of the Shot-Peened LM2 Alloy Specimen
The shot-peening time and pressure are decided to be 30 seconds and 3 bar, respectively, considering that the compressive residual stress is almost independent of the shot-peening time and pressure, and that the microstructural deformation and flexion of the shot-peened surface are hardly found in the alloy shot peened for 30 seconds under a pressure of 3 bar. The hardness was measured from the surface down to the interior, and the results are shown in Figure 5 . The bars associated with each hardness data point represent the standard deviation of each hardness measurement. The hardness is approximately 410 VHN in the shot-peened surface region, varies slightly in the range of 410 to 440 VHN as the hardness measurement point goes down to the interior depth of 140 lm, and then stays steady at approximately 410 VHN further down to the interior. This hardness result shows that the hardness of the surface region is relatively homogeneous in the shotpeened LM2 alloy and that the trend of the increasing or decreasing hardness in the shot-peened surface region is hardly shown.
The ultimate tensile strengths of the as-cast and shotpeened LM2 alloys are measured to be 1523 MPa and 1528 MPa, respectively, showing the similar strengths in the both alloys. These strengths are somewhat higher than the ultimate tensile strength of the conventionally cast LM2 alloy (1450 MPa). [18] The tensile elongation is hardly shown in the both alloys. Figure 6 shows stress-number of cycles (S-N) curves of the as-cast and shot-peened LM2 alloys, and the S-N curves are compared with that of the conventionally cast LM2 alloy. Here, the S-N curve of the conventionally cast LM2 alloy is the test result of Wang et al. [23] The fatigue limit (r L ), which is the minimum stress level for fatigue fracture to occur, is 368 MPa in the shot-peened LM2 alloy, and it decreases in the order of the as-cast LM2 alloy and the conventionally cast LM2 alloy. The fatigue ratios (r L /r UTS ) of the shot-peened LM2, as-cast LM2, and conventionally cast LM2 alloys are 0.24, 0.17, and 0.16, respectively.
C. High-Cycle Fatigue Properties
The SEM fractographs of the as-cast and shot-peened LM2 alloy specimens fractured under a mean stress (r mean ) of 200 MPa and 400 MPa are shown in Figures 7(a) through (d) and 8(a) through (d) , respectively. The fatigue fracture mode is classified into three regions of fatigue crack initiation, fatigue crack propagation, and abrupt failure (Figures 7(a) and 8(a) ). In the as-cast LM2 alloy, the fatigue crack initiation takes place at the specimen surface, and the region of the fatigue crack initiation has a half-circled shape (Figures 7(a) and (b) ). This finding indicates that stresses are applied to several directions, instead of one direction, during the crack initiation. The surface of the crack-initiation region is relatively rough. The initiated crack propagates in perpendicular to the stress 6 -Fatigue S-N curves of the shot-peened LM2 alloy, as-cast LM2 alloy, and conventionally cast LM2 alloy. [23] direction, and the propagated surface is featureless and smooth, which is different from the vein patterns that typically occur in amorphous alloys (Figure 7(c) ). After the sufficient propagation, the crack propagates rapidly to reach the failure (Figure 7(d) ). Here in the fracture surface, the vein patterns are well observed.
In the shot-peened LM2 alloy, the fatigue fracture also consists of three regions of fatigue crack initiation, fatigue crack propagation, and abrupt failure, like in the as-cast LM2 alloy. However, the fatigue crack initiates at the interior of the fatigue specimen, instead of the specimen surface (Figure 8(a) ). The surface of the crack initiation region is smooth and can be differentiated from that of the crack propagation region (Figure 8(b) ). The surface of the crack propagation region is relatively smooth (Figure 8(c) ). The vein patterns are shown in the region of the final abrupt crack propagation (Figure 8(d) ).
It is interesting to note that the big difference between the fatigue fracture modes of the as-cast and shotpeened LM2 alloys is the fatigue crack initiation site. To confirm this finding, the surfaces fractured under various mean stresses and stress ranges are shown in Figures 9(a) through (f) . The fatigue crack initiates at the specimen surface in all the as-cast LM2 alloy specimens (Figures 9(a) through (c) ), whereas it initiates at the specimen interior in all the shot-peened LM2 alloy specimens (Figures 9(d) through (f) ). This observation indicates that the shot peening greatly influences the fatigue crack initiation.
IV. DISCUSSION
In conventional metals, the fatigue process is composed of three stages of fatigue crack initiation, fatigue crack propagation, and abrupt failure. [24] Grovre et al. [25] reported that the fatigue limit increased with increasing tensile strength. According to their report, when the tensile strength is lower than 1400 MPa, the fatigue limit ranges 40 to 60 pct of tensile strength. When it is higher than 1400 MPa, the fatigue limit is constant at approximately 700 MPa as the correlation between tensile strength and fatigue limit is diminished. In this case, the sensitivity of crack initiation is high, and thus the failure occurs readily even though short cracks exist. [26] Unlike in conventional metals, in monolithic amorphous alloys where dislocations do not exist inside, the fatigue crack initiation stage is considerably long, whereas the stages of the fatigue crack propagation and abrupt failure are short because a few shear bands are initiated and propagated rapidly to reach the final failure. [12, 13] Because the threshold fatigue stress is also low, [12, 13] the fatigue limit is generally lower than 10 pct of the tensile strength. Thus, monolithic amorphous alloys have low resistance to fatigue fracture. The resistance to fatigue fracture can be enhanced by fabricating amorphous matrix composites containing ductile crystalline phases. [13] Because this enhancement in resistance to fatigue fracture is not yet sufficient, the shot peening process is applied to amorphous matrix composites in the current study to form the compressive residual stress on the alloy surface and to improve the resistance to fatigue fracture.
As can be observed in Figure 6 , the fatigue limit of the as-cast LM2 alloy is higher than that of the conventionally cast LM2 alloy. This is because of the microstructural difference despite the similar hardness and strength in the two alloys (Figures 2(a) and (b) ). The ascast LM2 alloy was fabricated by vacuum arc melting and casting at a relatively fast solidification rate, and thus it contains a considerable amount of fine b particles. The volume fraction of overall b particles reaches 50 pct, which is higher than that of the conventionally cast LM2 alloy (35 pct), [16] although the chemical compositions of the two alloys are same. This number of b particles can play a role in protecting the fatigue crack initiation and propagation. Because the amorphous matrix is hard and brittle, and it is readily fractured even under a low stresses, the fatigue crack initiates at the amorphous matrix near the surface of the fatigue specimen. The frequency of the fatigue crack initiation is lower in the as-cast LM2 alloy containing more b particles than in the conventionally cast LM2 alloy because many b particles can block the initiation and propagation of fatigue cracks effectively. Thus, the as-cast LM2 alloy has a higher fatigue limit than the conventionally cast LM2 alloy as the rates of the fatigue crack initiation and propagation are slowed down.
The fatigue limit of the shot-peened LM2 alloy is higher by 24 pct than that of the as-cast LM2 alloy ( Figure 6 ). This improvement in the fatigue limit can be explained by the detailed analysis of fracture surfaces. Liu et al. [27] investigated the effect of residual stresses on fatigue properties by the finite-element method using a cohesive zone model. The fatigue life was improved as the fatigue stress was compensated by the relieved residual stress. Because the extent of the relieved residual stress is dependent on the mean stress (r mean ) and specimen dimension, the sites for the fatigue crack initiation are varied. When the residual stress is relieved sufficiently, the fatigue crack initiates at the specimen interior instead of the specimen surface. In this case, the fatigue limit and fatigue life are improved over the case of the crack initiation at the specimen surface. In the current study, the fatigue crack initiation occurs at the specimen surface in the as-cast LM2 alloy and at the specimen interior in the shot-peened LM2 alloy, irrespective of the applied mean stress. In the shot-peened LM2 alloy, approximately half of the tensile strength is retained on the specimen surface as a compressive residual stress (Table I) , which effectively prevents the fatigue crack initiation at the specimen surface. [21] The fatigue crack initiates at the specimen interior (1 to 2 mm distance from the surface), instead of the specimen surface, and the distance of the crack initiation site from the surface tends to increase as the mean stress decreases (Figures 9(d) through (f) ). In particular, when the mean stress reaches the fatigue limit, the crack initiates near the center of the specimen (Figure 9(f) ). The formation of residual stresses on the specimen surface induces the fatigue crack initiation at the specimen interior, the improvement of fatigue limit, and the increase in fatigue cycles for initiating the crack, which can extend the fatigue crack initiation stage and the subsequent fatigue life. [27] As discussed previously, in the Zr-based amorphous alloys, the fatigue properties are affected by microstructural parameters and mechanical factors simultaneously. The homogeneous distribution of many ductile b particles in the amorphous matrix leads to the better fatigue properties under the same strength condition. In addition, the compressive residual stress formed by the shot peening induces the initiation of fatigue cracks at the specimen interior, increases fatigue cycles for the crack initiation, and enhances the overall fatigue limit and fatigue life. This observation implies that the shot peening is useful for improving fatigue properties in amorphous alloys as well as conventional metals and that its effect is large. To improve the fatigue properties of Zr-based amorphous alloys, therefore, systematic studies on optimization of shot-peening condition and size and fraction of b particles as well as microstructural analysis of primary mechanisms for the improved fatigue properties are still required and might be considered as important analytic works for shot-peening procedures. 
